Columnar self-assembly of N,N',N"-trihexylbenzene-1,3,5-tricarboxamides investigated by means of NMR spectroscopy and computational methods in solution and the solid state.
Introduction
Self-assembly processes are very widely spread in nature and play a key role in most chemical systems relevant to life. The striking feature of these processes relies on the fact that a small number of building blocks can undergo self-organization solely under direction of the intermolecular interaction between the building blocks themselves, and result in very complex macromolecular systems. [1] From the perspective of supramolecular chemistry, this is an invaluable feature as the whole self-assembly process takes place without external intervention.
A classic example is given by the DNA double helix, where hydrogen bonds and π-π stacking interactions direct the self-assembling of the base pairs. The elucidation of the interplay between the relatively small number of intermolecular interactions that lead to the creation of ordered superstructures starting from much smaller and simpler units is of fundamental importance to understand chemical recognition processes and hence to be able to design selfassembly systems resulting in materials with desired properties. [2] Columnar self-assemblies based on benzene-1,3,5-tricarboxamide (BTA) motif result from π-π stacking interactions and formation of maximal number of hydrogen bonds between the individual units. [3] [4] [5] [6] These discotic systems [7] are characterized by a helical arrangement of units and have attracted attention as organic electronic elements due to their liquid crystal features. [8] Detailed studies of their aggregation process have highlighted the cooperative nature of these self-assemblies. [9, 10] Derivatives of BTA have been investigated as MRI contrast agents, [11] metal complexation agents [12] and utilized in drug-delivery systems. [13] Investigations of BTA-based self-assemblies have focused on the effects of the aliphatic chains, [14, 15] introduction of elements of chirality [16] and substitutions on the central aromatic moiety. [17] [18] [19] The aggregation process of BTA units and their charge transport properties have been investigated by means of quantum chemical calculations. [20] [21] [22] [23] NMR methods based on dipolar interactions and double-quantum approaches have been utilized to characterize structure and dynamics of these systems in the solid state. [24] In spite of all these efforts, and as for most other self-organizing systems, the prediction of the efficiency of the self-assembly processes related to BTA building blocks is still largely based on empirical data and, hence, remains a challenge. [25] NMR spectroscopy is an invaluable tool to probe structure and dynamics on the atomic scale for ordered or disordered systems, both in solution or in solid state. [26] The isotropic tumbling that affects molecules in solution allows for high-resolution spectra with typical linewidths of a few Hz. This is due to the fact that only the isotropic part of the interactions is retained by the averaging due to the fast motion, which is typically much faster than the time scale of the NMR experiment. As a result, isotropic peaks are readily identified, with only fine structures due to scalar J-coupling left to reveal through-bond interconnectivities between the various chemical environments. Nonetheless, the anisotropic parts of the internal interactions play an important role in relaxation phenomena.
The nuclear Overhauser effect (NOE) is widely used to investigate internuclear distances in molecules in solution. [27, 28] This effect relates nuclear spins which are dipolar coupled to one another, i.e., which are in spatial proximity to one another. When a nuclear site within a molecule is perturbed by a radio-frequency (rf) irradiation so as to achieve either inversion or saturation of the population difference across the Zeeman eigenstates, a variation in signal intensity is observed for spins which are dipolar coupled to the irradiated one. When compared to the intensity of a pulse-acquire spectrum, this NOE enhancement may be either positive, null or negative, depending on the correlation time of the molecular species in solution. A widely spread modification of this experiment is the rotating frame Overhauser effect (ROE), [29, 30] where relaxation and polarization transfer take place in the rotating frame of the rf irradiation.
The main advantage of this latter technique is that the enhancements are always positive and may be preferred in cases where the NOEs are close to zero. If either NOE or ROE experiments are conducted in the limit of linear growth, measurements of enhancements can be directly related to internuclear distances by means of the relationship: [27]   
where the index A refers to the irradiated spin, X to a spin whose distance from A, rAX, is known and taken as reference, and B is a third spin whose distance from A, rAB, needs to be evaluated.
IX and IB are the NOE/ROE enhancements observed for spins X and B, respectively. This is an invaluable tool for structural studies and may supply experimental evidence that allows discharging a structural hypothesis in favor of another. In cases where also intermolecular internuclear distances need to be taken into account, such as in dimeric structures, or when equivalent environments supply for more than one interatomic distance, such as for CH2 groups, an effective distance that takes into account all possible polarization transfer pathways may be utilized: [31, 32] 
where the i-th spin experiences n polarization transfer pathways with n other spins at distances ri,n. These n different pathways are related to direct transfers and indirect effects due to spin diffusion are not considered in this study. [33] An elucidation about the concept of this effective distance r (eff) may be found in Ref. [31] .
In contrast to solutions, where the isotropic tumbling motion of molecules averages all interactions to their isotropic components (or to zero if traceless Hamiltonians are involved), in the solid state, the anisotropic part of the internal interactions is retained, and results in broadenings of the NMR lineshapes which are termed inhomogeneous. These result from chemical shift anisotropies (CSA), dipolar couplings, hyperfine couplings with paramagnetic centres and quadrupolar couplings with electric field gradients (EFG). [34] With the exception of 2 nd order quadrupolar broadenings, and provided the spinning rate is large enough, the use of magic-angle spinning (MAS) [35, 36] allows for an efficient averaging of these inhomogeneities and high-resolution isotropic spectra may be acquired in many cases. Nevertheless, the anisotropic part of the interactions provides very useful information as further means to characterize nuclear environments. Specific techniques have been developed to reintroduce this inhomogeneity in the indirect dimension of 2D experiments. [34] In such a fashion, fast spinning Columnar self-assembly of N,N',N''-trihexylbenzene-1,3,5-tricarboxamides investigated by means of NMR spectroscopy and computational methods in solution and solid state 6 rates ensure direct acquisition of high-resolution spectra where isotropic shifts may be readily available while the anisotropic interaction is recoupled by the action of the rf pulses onto an orthogonal axis. With respect to the anisotropy of the shift interaction, methods have been introduced that are not only capable of recoupling the inhomogeneity averaged out by the fast mechanical rotation, but also amplifying it, as if the experiment was performed at a slower and fictitious spinning rate. [37] [38] [39] [40] [41] [42] This allows for more precise measurements of the full shielding tensor than those that one can achieve under static conditions or by spinning the sample at lower rates. [38] With respect to the chemical shift interaction, the following convention of NMR parameters is adopted in this study: [43] 
where the isotropic shift iso, the anisotropy CS and asymmetry CS are expressed in terms of the principal components xx, yy and zz of the shielding tensor  in its principal axis frame.
These principal elements are ordered according to zz -iso  xx -iso  yy -iso. The isotropic chemical shift is given by iso = ref -iso, where ref is a reference shielding.
Density functional theory (DFT) [44] in supramolecular chemistry and self-assembly processes. Therefore, there has been a Columnar self-assembly of N,N',N''-trihexylbenzene-1,3,5-tricarboxamides investigated by means of NMR spectroscopy and computational methods in solution and solid state 7 considerable effort to develop new functionals capable of describing these dispersion forces. [56] In this framework, we investigate the columnar self-assembly resulting from BTA in both solution and solid state using a combined approach employing NMR spectroscopy and DFT computational methods. One-dimensional (1D) 1 
Results and discussion

Solution study
The structure of N,N',N''-trihexylbenzene-1,3,5-tricarboxamide (BTA) is shown in Figure   1 (a). A central C3-symmetrically substituted aromatic ring (discotic unit) is functionalized by three amide groups containing n-hexyl chains. The amide functionalities are linked to the aromatic ring by the carbonyl groups. A simplified scheme depicting a two-unit segment of a columnar self-assembly of BTA is presented in Figure 1 assemblies, [19] where c is the total concentration, KD = 39 mM [19] is the dissociation constant and p = 2.2 [19] is a factor that takes into account cooperativity, the molar fraction χM of the free monomeric BTA is evaluated to 0.035, thus ensuring that the self-assembled species are related to the homonuclear scalar interaction that couples this specific environment with the site that has been irradiated.
In order to interpret these ROE enhancements in terms of internuclear distances, a parallel computational study was performed. A monomeric structure of BTA was firstly optimized with the PM7 semiempirical method as implemented in MOPAC2016. [57] The aliphatic chains of all BTA units were truncated to propyls so as to reduce computational times.
This optimized geometry was subsequently used to assemble dimeric, trimeric, tetrameric and pentameric columnar systems. The monomeric and pentameric structures supply a computational model to use for calculations of parameters to be compared with experimental data obtained for either a disassembled or assembled system, respectively. In the pentameric case, only the central unit was considered, with the other two units either up or down the column axis having the sole purpose of smoothing the boundary conditions of the column, i.e., of quencing the perturbations due to the different chemical environments experienced by the 1 st and 5 th TBA units which terminate the column. In other words, in our computational study, Columnar self-assembly of N,N',N''-trihexylbenzene-1,3,5-tricarboxamides investigated by means of NMR spectroscopy and computational methods in solution and solid state 9 the central unit of our pentameric assembly is assumed to be representative of a unit of BTA belonging to an infinitely long columnar assembly.
It is important to note at this point that such truncation of a column to a pentameric assembly results in structural parameters such as interplane distances or chemical shifts that are not identical, at equivalent sites, for all units, but rather smear from those of the boundary BTA molecules to those of the central one. This is a consequence of the fact that no periodicity is assumed in our computational study. Again, only the central unit is taken into account in this context as being representative of the columnar assembly as found in either solution or solid state.
All the assembled structures were further optimized at the PM7 level, followed by geometry optimization with DFT methods utilizing the B3LYP functional [58, 59] and 6-31G(d,p) basis set. As the B3LYP method does not take into account dispersion forces and more generally long range non-covalent interactions, the DFT optimizations were also repeated with the B3LYP-D and B97D functionals,[60] ad hoc parametrized to describe these long-range effects. Figure   3 (a), (b) and (c) show the pentameric assemblies optimized with the three considered methods.
The columnar arrangement of BTA units with helical pattern of inter-plane hydrogen bonds is particularly evident in the B3LYP case of (a), where an interplane distance of ca. 3.8 Å is found between either the second and third or third and fourth units. In the cases of B3LYP-D and B97D, instead, a more compact pentamer is obtained, with π-π stacking distances between the same units of ca. 3.2 Å in both cases. This is in agreement with previous observations reported in the literature.
[61] It is worth mentioning in this context that X-ray diffraction data related to previous studies on N,N',N''-tris(2-methoxyethyl)benzene-1,3,5-tricarboxamide revealed an interplane distance in the column self-assembly of 3.62 Å. [19] Furthermore, as can be seen in interplane dihedral angles given in Table 1 , with the first two sites defining each dihedral angle belonging to the n th unit of the column and the second two to the n th +1 unit. In the cases of B3LYP-D and B97D of Figure 3 (e) and (f), in contrast, the progressive average twist of BTA units across the different planes of the columnar assembly, as dictated by the H-bonding network and by π-π stacking interactions, is 62.8 ± 2.0 and 62.7 ± 2.4°, respectively, thus resulting in a less regular alignment of benzene moieties, as viewed down the column axis.
The orientation of the amide functions within the self-assembly may be measured by the dihedral angles H-C-C-C=O as given in Table 2 . The structure produced by the B3LYP functional results in amide functions oriented so that this average angle amounts to θ = -34.4 ± 3.6°
whereas the B3LYP-D and B97D functionals result in amide functions closer to coplanarity with the benzene cores, with average dihedral angle amounting to -28.6 ± 6.0 and -25.9 ± 11.4°.
These values reflect the more compact structure obtained when dispersion interactions are taken into account. In this latter case, the larger standard deviation of values confirms the less regular alignment of BTA units obtained with the B3LYP-D and B97D functionals.
Furthermore, one of the amide functions of the boundary BTA unit terminating the column structure (5 th unit in Table 2 ) produced by the B97D method is oriented discordantly from the other two within the same unit, with H-C-C-C=O dihedral angles amounting to θ = -17.9, -15.5 and +9.6°. This feature can be easily seen in the electron density isosurfaces colorcoded with the electrostatic potential given in Figure ESI1 and represents possible different chemical environments, or structural irregularities, at the boundaries of the assemblies. In contrast, the more regular structure produced by B3LYP results in concordant angles of θ = -29.5, -29.7 and -29.3° for the same unit.
By inspection of the dihedral angles H-C-C-C=O given in Table 2 , when moving from These results indicate that (i) ROE experiments can be used to ascertain whether BTA units in solution have undergone self-assembling or not and (ii) the use of DFT methods that take into account for the effect of non-covalent dispersive interactions is required when interatomic distances in such supramolecular self-assemblies are considered.
In the attempt to obtain ROE measurements related to a non-assembled BTA monomeric state, a more dilute 5 mM solution of BTA in acetone-d6 was considered. At this concentration, the predominant species in CD2Cl2 is the isolated monomeric BTA, for which χM = 0.989. [19] Our choice for acetone, a H-bond acceptor solvent more polar than CD2Cl2, has the purpose of further destabilizing any assembly in favor of the monomer by disrupting the interplane Hbonding network. The corresponding ROE spectra are shown in Figure ESI2 . The DFT-optimized BTA structures for monomer, dimer, trimer, tetramer and pentamer have subsequently been used to calculate the chemical shifts for the proton and carbon nuclei at the B3LYP/6-31+G(d,p) level of theory, i.e., with addition of diffuse functions on heavy atoms with respect to the geometry optimizations. In the case of trimers and pentamers, only the central units were considered, for dimeric structures both units were averaged, whereas for the tetramers the two central units were averaged. Within a given unit, all 'equivalent' sites were also averaged. In other words, say, three C=O shifts were averaged to one single shift, three CH2
shifts were averaged to one single CH2 environment, and so on so forth. Figure 5 show the chemical shifts for the three considered environments, CH, NH and CH2, as calculated with the B3LYP, B3LYP-D and B97D functionals, respectively. It is interesting to notice that the NH and CH resonances have opposite trends as one moves from the monomeric structure to an assembled one. This is in agreement with the behavior experimentally observed in the concentration-dependent NMR study of BTA. [19] The crossing of isotropic shift for these two environments is correctly predicted by all considered methods. The B3LYP calculations of Figure   5 (a) were repeated with inclusion of solvent effects. The corresponding plot, shown in Figure   ESI5 , indicates that only the NH resonance is affected, with a systematic average deshielding of terminal CH3 groups of the aliphatic chains were also included in these plots. One can readily appreciate that the experimental shift obtained from the diluted sample (empty data points in Figure 5 (d-f)) correlate very well with those calculated for the monomeric structure, with R 2 = 0.987, 0.987 and 0.994, for B3LYP, B3LYP-D and B97D, respectively. If the same experimental shifts are correlated with those calculated for the pentameric assembly, the correlation factors become R 2 = 0.820, 0.816 and 0.824. In this latter case, the data points related to the CH and NH resonances are significantly brought away from the ideal correlation. These displacements of data points are highlighted by empty arrows in Figure 5 (d-f). Analogously, the experimental shifts from the concentrated sample correlate very well with those calculated for the pentameric structure, with R 2 = 0.999, 0.997 and 0.999, for B3LYP, B3LYP-D and B97D, respectively. When the same shifts are correlated with those calculated for an isolated monomer, the correlation coefficients drop to R 2 = 0.758, 0.759 and 0.784. As previously discussed, the NH and CH data points are significantly displaced away from the ideal correlation (black arrows). Therefore, the NH and CH environment appear to be very sensitive to assembling processes in terms of their chemical shifts. The plots of Figure 5 (d-f) also reveal that, for this particular chemical system, B3LYP, B3LYP-D and B97D functionals are all adequate in discerning between assembled and non-assembled structures in terms of isotropic chemical shift values of the proton sites involved in the self-assembly.
Solid-state study
MAS NMR techniques offer an invaluable tool in investigations of structure and dynamics of self-assemblies in the solid state. [63] [64] [65] [66] In most cases, double-quantum techniques based on dipolar couplings between high-abundant proton spins were exploited. Carbon chemical shifts have been investigated both experimentally and computationally in columnar phases of 2,3,6,7,10,11-hexahexylthiotriphenylene. [67, 68] In this study, we probe the chemical shift anisotropy of carbon sites as a means to extract experimental evidence of columnar selfassemblies in a powdered sample of BTA. The 13 C Cross-Polarization (CP) MAS spectrum of a powder of the BTA considered in this study is shown in Figure 6 In contrast with the aliphatic peaks appearing in the 0 -50 ppm range, the C=O, C and CH environments are expected to be characterized by a substantial chemical shift anisotropy. In fact, as shown in the 13 C CP MAS spectrum of Figure 6 (b), a series of spinning sidebands related to these three sites is readily highlighted as the spinning rate is decreased to νrot = 5 kHz. It is worth noting that the shoulders appearing on both sides of the CH resonance at 126.2 ppm in both spectra of 6(a) and (b), can also be highlighted on all spinning sidebands associated with this environment. This indicates that similar anisotropies characterize these CH environments. Figure 6 (c) shows a fit of the spectrum in (b) assuming one single site for the C=O resonance, one single site for the C resonance and three sites for the CH resonance, so as to take into account for the shoulders of this peak. The aliphatic region was excluded from the fitting procedure. Nonetheless, the resulting fit is substantially in good agreement with the experimental spectrum, and produces the anisotropic parameters summarized in Table 3 . interactions with its neighboring proton. The disappearance of this peak and of all its spinning sideband family is indicated in figure by a dashed arrow. Importantly, the CP spectra of (a) and (b), along with the simulation of (c), indicate that, as the spinning rate is decreased, spinning sidebands at lower frequency appear in the aliphatic region thus resulting overlapped with the other isotropic aliphatic peaks. This condition prevented the fitting procedure used in Fig. 6 (c) to take into account for these lower-frequency spinning sidebands.
An ideal condition would be one where the spinning rate is large enough so as to ensure isotropic peaks to be readily determined and avoid overlaps of resonances or spinning sidebands, but at the same time not large enough so as to result in an adequate number of spinning sidebands for analysis purposes. In order to achieve these advantages and obtain a more reliable characterization of the shielding tensors associated with these three carbon environments, a two-dimensional approach was chosen. The 13 C CP CSA Amplification [39, 40] spectrum of the BTA considered in this study is shown in Figure 7 each analyzed carbon environment is given by the 95% confidence interval as extracted from the rms deviation 2D contour plots shown in (e-g). [41, 42, 69] The parameters extracted at the minima of these 2D surfaces are given in Table 3 for the three sites of interest.
The CSA Amplification 2D experiment of Figure 7 allowed for a full characterization of the chemical shift interaction, both in its isotropic and anisotropic components. These parameters shed a light on the solid-state BTA system with an atomic-scale resolution and could be used to investigate different structural hypotheses. In our context, we could ascertain whether these MAS NMR measurements are consistent with the existence of columnar self-assemblies in the solid state. As test-bed of our analysis, the hypothesis of a non-assembled system has also been considered. DFT calculations of the NMR parameters performed on the pentameric structures shown in Figure 3 supply a set of parameters that can be related to a columnar self-assembly of BTA units. In order to obtain an analogous set of parameters that instead refers to a non-assembled system, the computational approach shown in Figure ESI6 was adopted. Six BTA units were arbitrarily arranged as faces of a cube with edge length of ca. Figure ESI6(a) . A schematic representation of the cubic arrangement is also depicted in (b). This initial configuration of BTA units has no physical meaning but rather serves as an arbitrary starting point for a geometry optimization procedure that prevents the units to self-assemble in a columnar superstructure. This system was subsequently allowed to relax by means of a geometry optimization performed at the PM7 semiempirical level. The resulting superstructure was then further refined with DFT methods utilizing the three considered functionals and 6-31G(d,p) basis set. These hexameric arrangements obtained with B3LYP and B97D are shown in Figure ESI6 Figures 8(a-c) show the correlations between the CSA parameters measured experimentally with our MAS techniques and those calculated for the structural hypotheses considered in this study, i.e., the columnar pentameric assembly of Fig. 3 and the collapsed cubic arrangement of Fig. ESI3 , for B3LYP, B3LYP-D and B97D functionals. As previously discussed, in the case of the columnar pentameric assembly, only the central BTA unit was considered whereas, in the case of non-assembled hexamer of Figure ESI6 , only the innermost BTA unit was taken into account. Computational data related to the monomeric BTA is also included for sake of comparison. The error bars on the experimental axes are given in Table 3 .
Å. This configuration of molecules is shown in
Also the anisotropy of the aliphatic CH2 carbon sites is included in these plots. The ideal 1:1 correlation is indicated by a dashed line. Figure 8(d) shows the correlation coefficients R 2 related to the plots of (a-c), as histogram. Light blue, dark blue and red data refer to the CSA parameter as calculated with B3LYP, B3LYP-D and B97D, respectively. All methods show that the monomeric case results in the lowest qualities of correlation (R 2 = 0.971, 0.984 and 0.975, respectively). This is not surprising as this structural model is meant to represent a BTA unit in solution (or vacuum). More interestingly, our experimentally measured anisotropies correlate slightly better with those calculated on the self-assembled pentameric structure than with those resulting from the non-assembled arrangement of BTA units of Fig. ESI6 . Differences in qualities of correlation are found on the third decimal place, with the B3LYP method yielding R 2 = 0.997 and 0.999, B3LYP-D giving R 2 = 0.993 and 0.995, and with B97D method resulting in R 2 = 0.994 and 0.996, for the non-assembled and assembled case, respectively. Data referring to the qualities of correlation for the isotropic shift are shown in grey scale in the histogram of Figure   8(d) . In contrast with the shift anisotropy CS  , the isotropic part of the shift interaction iso  seems to be, in this particular case, considerably less informative, with very similar R 2 coefficients for all the structural hypotheses considered.
As previously stated, averaging of both isotropic and anisotropic chemical shifts on 'chemically-equivalent' sites was performed on the selected units of BTA in the calculated structures considered in this study. Within this modus operandi, we have shown that measurements of CSA parameters can be used to probe structural details in columnar selfassemblies of BTA in the solid state. In contrast, isotropic shifts do not supply with the required sensitivity to discriminate between different structural hypotheses in these particular systems.
However, further insights may be discerned by considering the distribution of isotropic shifts within the selected units of BTA in our structural models when those are not subject to averaging over equivalent sites. This is particularly useful for solid samples where crystalpacking effects, or more generally, as in our case, intermolecular interactions can lift the degeneracy of chemical sites in terms of magnetic shielding. Figure 9 shows a series of simulated 13 C spectra which assume all the calculated isotropic shifts (i.e., for the 12 carbon sites without averaging related to three C=O, three C, three CH and three CH2) associated with the selected units of BTA within our structural models. The resulting spectra for the monomeric, pentameric assembly and non-assembled (collapsed cubic arrangement) structures are shown in 9(a), (b) and (c), respectively. Only the computational data produced by the B3LYP method is shown for simplicity. A line broadening of 100 Hz was applied to each Lorentzian function utilized to reconstruct the spectra. This line broadening is similar to that experimentally observed in the MAS 1D spectra of Figure 6 . Analogously to the correlations of Figure 5 and -19.4° for B97D. This results in small variations in chemical shifts at the C and CH2 sites. In a real system in solution, free and fast rotation of the substituents about the C-C=O bonds will result in averaged environments (i.e., single peaks) as perceived on the NMR time scale. This feature legitimates the common procedure of averaging the calculated chemicals shifts for chemically-equivalent environments when solution data is analyzed. Figure 9(b) shows the 13 C NMR spectrum resulting from all 12 environments of the central BTA unit of the pentameric self-assembly of Fig. 3 . It is interesting to notice that the degree of chemical shift dispersion in the columnar self-assembly is substantially identical to that calculated for the isolated monomeric unit of (a). Tiny splittings of ca. 100 Hz are observed on the C=O and aromatic CH resonances. However, these splittings are comparable with the inhomogeneous linewidth observed experimentally in the spectra of Figure 6(a, b) and therefore justify the averaging of the calculated chemical shifts for the self-assembly as performed in this study. In other words, the chemical shift inequivalences calculated by DFT methods for carbon nuclei in a columnar self-assembly of BTA units are not predicted, as is indeed the case with the only exception of the CH resonance at 126.2 ppm, to be observable in the experimental spectra of Figure 6 . When considering instead the distribution of chemical shifts observed in (c), resulting from the non-Columnar self-assembly of N,N',N''-trihexylbenzene-1,3,5-tricarboxamides investigated by means of NMR spectroscopy and computational methods in solution and solid state 20 assembled structure of Fig. ESI3 , we find a substantially larger differentiation in terms of chemical environments, with spreads of chemical shift of ca. 280 Hz, i.e., about three times larger than the inhomogeneous linewidth experimentally observed in the experimental spectra of Fig. 6 . Therefore, and in agreement with the analysis performed on the CSA parameter, by considering the spread of the isotropic part of the shift interaction as calculated for the different structural hypotheses considered in this study, a clear evidence of consistency of the experimental solid-state results with the hypothesis of a columnar self-assembled structure can be found.
A further series of calculations was performed in order to highlight the effects on the NMR parameters of i) different truncations of the aliphatic chains, ii) the orientation of the amide functions with respect to the aromatic core and iii) non-covalent and dispersive contributions. The corresponding results are shown in Figure ESI7 
Conclusions
The columnar self-assembly of N,N',N''-trihexylbenzene-1,3,5-tricarboxamide (BTA) units has been investigated in both solution and solid state by means of NMR techniques. A parallel computational study that combined semiempirical and DFT methods has been performed to produce structural parameters to be compared with those measured experimentally, namely, interatomic distances for ROE solution measurements, isotropic chemical shifts to be compared with those obtained from simple 1D solution spectra and anisotropic shifts to be compared with those measured with specifically designed multi-pulse MAS methods in the solid state. We show how a combination of NMR and computational methods allows to shed a light on self-assembly processes in solution by means of simple 1D measurements without the need to follow the assembling process in a multi-sample multi-experiment approach such as that of concentration-dependent NMR studies. More specifically, the analysis of ROE enhancements that take into account both intra and intermolecular interatomic distances allows to ascertain the presence of BTA self-assemblies in solution. DTF methods that include description for non-covalent dispersive interactions are required for such purpose. We also show that both isotropic and anisotropic parts of the shift interaction can be used to characterize BTA-based columnar assemblies in the solid state. With respect to both isotropic and anisotropic chemical shift parameters, the computational analysis of i) the influence of the orientation of the amide functions and ii) effects of dispersive forces, indicates that the CH is the most sensitive carbon environment to monitor columnar self-assembling processes of BTA units.
Experimental and computational details
All solution spectra were acquired in Neuchâtel, at the Neuchâtel Platform of Analytical The structures of BTA in its monomeric and n-meric (n = 2, 3, 4 and 5) forms were preliminarily optimized with the PM7 semiempirical method as implemented in MOPAC2016. [57] A further optimization was performed with DFT methods utilizing B3LYP, [58, 59] , where   D  is the diagonal matrix with the eigenvalues of  as elements and P is the matrix constituted by the eigenvectors of  as columns. A scheme depicting the computational procedure followed in this study is shown in Figure 10 . In order to reduce the computational time required for the DFT steps of the scheme, [62] The mismatch produced by the B3LYP functional in the case of the NH irradiation when the pentameric structure is considered, has to have an affect also the other two measurements for the CH2 and CH irradiations (red data in 4(a)). This is due to the fact that our three ROE experiments have been performed on a system of spins which may be seen as a closed and single one. In fact, when one of these spins is irradiated, a ROE enhancement is measured for the other two. Of these two enhancements, one is given an arbitrary and convenient value and the other is consequently determined. It is completely arbitrary which spin X in Equation (1) is chosen as reference, as it is only the ratio between enhancements IX and IB that is needed. By performing irradiation experiments on each of the three spins, we obtain three data sets that probe internuclear distances within this very single and closed three-spin system. In other words, in our case, an overestimation of one internuclear distance must result in a systematic overestimation of the other two. In fact, if an 'offset' distance is systematically subtracted from the red B3LYP data of 4(a), then one would obtain a profile of mismatches very similar to that produced by both B3LYP-D and B97D. ROE spectra on the same sample of (a) where the irradiated peak were the CH2 at 3.24 ppm, the CH at 6.88 ppm and the NH at 8.22 ppm, respectively. The number of scans was 4 in (a) and 3072 in (b-d). A spin locking time of 5 ms was used for the ROE spectra of (bd). Histograms analogous to that of (a) for distances taken from structures optimized with the B3LYP-D and B97D functionals. The error bars refer to the experimental data and were calculated with Equation (1) and (2) Fig. 9(c) .
The arrows highlight a FWHM of 380 Hz, given by the calculated spread of shifts of 280
Hz and a line broadening of 100 Hz, as used for all Lorentzian lineshapes.
Figure 10
Scheme depicting the computational approach adopted in this study. All DFT steps have been also performed with the B3LYP-D and B97D functionals. Optimized structures were used to measure interatomic distances to be compared with those measured by ROE experiments and for the calculations of the full shielding tensors so as to compare isotropic and anisotropic parts of the interactions with those measured experimentally in both solution and solid state.
